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Abstract Using a high-resolution circulation model and an offline particle tracking model, we investigated
variations of the Western Maine Coastal Current (WMCC) and its connectivity with the Eastern Maine Coastal
Current (EMCC). The models showed that the weak, broad, and sinuous WMCC is generally southwestward
with an offshore and a nearshore core, fed by the extension of the EMCC and runoff from the Penobscot and
Kennebec–Androscoggin Rivers, respectively. A sea-level dome can form offshore of Casco Bay in late fall
and early winter as the northeastward alongshore wind sets up a seaward sea-level gradient from the coast to
meet the shoreward sea-level gradient from Wilkinson Basin. Consequently, northeastward flows (i.e., the
counter-WMCC) emerge on the inshore side of the dome. Both the circulation and particle tracking models
suggested that the connectivity generally peaks twice annually, highest in winter and then secondarily in late
spring or early summer. The former is concurrent with the most southwest offshore veering of the EMCC, while
the latter is concurrent with the strongest EMCC. Moreover, the counter-WMCC can reduce the connectivity
and result in year-to-year variations.
Plain Language Summary Using a high-resolution circulation model and offline particle
tracking model, we investigated the variations of coastal current in the western Gulf of Maine (GoME) and its
connectivity with flows in the eastern GoME. Our models showed that the coastal flows in the western GoME
generally exist as an offshore and nearshore core, stemming from the extension of flows in the eastern GoME
and local river runoff, respectively. In late fall and early winter, the offshore transport driven by northeastward
alongshore wind converges with the raised sea level around Wilkinson Basin, forming a sea-level dome. On the
inshore side of the dome, the sea level slopes down toward the coast, which results in northeastward (counter)
flows. Connectivity between the western and eastern GoME coastal flows generally peaks in winter and again
in late spring or early summer, due to the variations of the strength and offshore veering of the Eastern Maine
Coastal Current. The counter flows can reduce the connectivity and add to the year-to-year variations.
1. Introduction
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As a semienclosed marginal sea in the northwestern Atlantic Ocean, the Gulf of Maine (GoME) experiences
strong seasonal changes of flow fields, temperature, and salinity (Bigelow, 1927; D. A. Brooks, 1985; Brown &
Irish, 1993; Xue et al., 2000). The Gulf of Maine Coastal Current flows counterclockwise along the coast of the
GoME and consists of two segments: the Eastern Maine Coastal Current (EMCC) and the Western Maine Coastal
Current (WMCC; Pettigrew et al., 1998, 2005). As sketched in Figure 1a, the EMCC starts with the outflows
from the Bay of Fundy (BoF) on either side of the Grand Manan Island. It is normally fresher and colder than the
ambient waters in the gulf and can be well mixed down to 50 m due to inflows of Scotian Shelf Water (SSW) and
strong tidal mixing (Bisagni et al., 1996; D. Li et al., 2021; Manning et al., 2009; Pettigrew et al., 1998, 2005). The
EMCC generally bifurcates southeast of Mount Desert Island (D. Brooks & Townsend, 1989; D. Li et al., 2021;
Luerssen et al., 2005; Pettigrew et al., 1998, 2005). One branch turns offshore forming the gyre over Jordan
Basin, while the other passes Penobscot Bay to feed the WMCC. The WMCC is a more buoyant flow mainly
driven by the plumes of Penobscot and Kennebec–Androscoggin (K–A) Rivers (Geyer et al., 2004; Hetland
& Signell, 2005; Pettigrew et al., 2005; Xue & Du, 2010). Compared to the EMCC, the WMCC is shallower,
broader, and weaker and can extend from Penobscot Bay to Cape Cod Bay without evident temperature contrasts
(Hetland & Signell, 2005).
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Figure 1. Bathymetry (a) and model mesh grid (b) in the Gulf of Maine (GoME). The black lines in (a) mark transects 1, 10, 11, 16, 17, and 14E used in later figures.
The red arrows in (a) sketch the general paths of the Eastern Maine Coastal Current (EMCC) and Western Maine Coastal Current (WMCC). The inset in (b) shows the
NorthEast Shelf Seas (NESS) model domain. The magenta oval in (b) marks the subregion of the western GoME. The white curves in (a) and red curves in (b) mark the
50, 100, and 200 m isobaths.

Though the relative independence of the EMCC and WMCC has been identified for decades, there were few
quantitative analyses of variations in their intermittent connectivity, because the connectivity between coastal
flows (hereafter the connectivity) is not a specific parameter or accurate concept. It can either represent the
probability of a water parcel traveling from one location to another over a time interval (Y. Li et al., 2013; Mitarai
et al., 2009), or the minimum time or distance needed for the travel (Jönsson & Watson, 2016; Watson et al., 2011).
In consideration of mixing and diffusion, connectivity can even be regarded as the corresponding portion from
a source in the water masses (Androulidakis et al., 2012; D. Li et al., 2018). Nevertheless, connectivity is a key
factor in controlling the dispersal of planktonic larvae, harmful algal blooms, pollutants, etc. Using satellite
sea surface temperature (SST) data, Luerssen et al. (2005) described the connectivity between the EMCC and
WMMC as conditions of “gate closed,” “gate ajar,” and “gate open” and further related the Alexandrium-imposed
toxicity events in the western GoME to variable connectivity with the east. Manning et al. (2009) analyzed
tracks of 227 drifters deployed in the GoME during 1998–2007 (primarily in spring and summer) and found that
most drifters remained in the coastal currents where they were deployed, but offshore of Penobscot Bay, drifters
often crossed isobaths and turned offshore, that is, indicating a disconnect between the EMCC and WMCC. Li
et al. (2013) analyzed the seasonal and interannual variations of horizontal connectivity among seven regions of
the GoME using the probability density of Lagrangian particle displacement (probability density functions) and
suggested an important linkage between coastal transport and algal bloom distributions.
Variations of the EMCC and WMCC, as well as their connectivity are affected by many factors, including
intruding water masses, river runoff, and wind. From seaward of the continental shelf, the Slope Water (SW),
a mixture of the Warm Slope Water from the south and the Labrador Slope Water from the north, enters the
GoME into Georges Basin via the deep Northeast Channel. The inflow of SW is larger and steadier during
summer and early fall, but more intermittent during winter (Bumpus, 2011; Mountain, 2012; Ramp et al., 1985;
Townsend et al., 2015). Upon entering the gulf, the SW cyclonically spreads to Jordan Basin and Wilkinson Basin
(Du et al., 2021; Ramp et al., 1985). The SSW, on the other hand, enters the GoME through the shallow regions
around the southern end of Nova Scotia (Feng et al., 2016; P. C. Smith, 1989) with the largest inflow occurring
in early winter. It joins the outflows from the BoF southwest of Grand Manan Island (Aretxabaleta et al., 2008;
D. Li et al., 2021) and travels cyclonically to the western GoME. In recent years, increasing SSW inflow by the
accelerated Nova Scotia Current likely hinders the deep SW intrusion (P. Smith et al., 2012). In addition, the
GoME receives a large volume of freshwater from the St. John River inside the BoF, and Penobscot and K–A
Rivers along with numerous smaller rivers and streams in the eastern and western GoME. These river discharges
peak in spring, following the annual melt of ice and snow (Churchill et al., 2005; Geyer et al., 2004; Hetland &
Signell, 2005). Lastly, over the GoME, a strong southeastward (weak northeastward) wind generally prevails in
winter (summer), with transitions in April and September (Xue et al., 2000).
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In situ observations are rarely sufficient to support a quantitative analysis of coastal currents spanning hundreds
of kilometers with multiple branches. Satellite data, however, only detect sea surface properties. Therefore,
numerical particle tracking models are good alternatives for exploring coastal connectivity. In these analyses,
online particle tracking modules native to the circulation models are seldom utilized because of the computational
expense. Instead, transport of materials is often simulated using offline particle tracking models driven by circulation model output (Liu et al., 2015; S. Wang et al., 2020). The circulation models can be quantitatively evaluated
by comparisons between model output and in situ observations, whereas the particle tracking models can be
evaluated by comparisons between observed drifter tracks and simulated trajectories of passive particles released
at the same times and locations (Bouzaiene et al., 2021; Hart-Davis et al., 2018; Kako et al., 2010; Thorpe
et al., 2004). But the separation distances between drifters and simulated particles often grow with time, generally
several kilometers per day (Edwards et al., 2006; Lynch et al., 2001; Werner, 1999). It is rather challenging to
analyze the discrepancies as they may result from inaccurate circulation model results, offline configurations of
particle tracking models, mismatch of the depth due to drifter drogue, etc. (Edwards et al., 2006; Geyer, 1989;
Manning et al., 2009). Albeit the difficulties, Mitarai et al. (2009), Clark et al. (2021), and Liu et al. (2015) have
successfully utilized particle tracking models to investigate the coastal connectivity, dispersal of algal bloom, and
population connectivity of marine organisms, respectively.
In this study, we used a high-resolution circulation model and an offline particle tracking model to determine
the general pattern of the WMCC and its connectivity with the EMCC. The model configuration, validation, and
method are presented in Section 2; the general pattern and significant variations of the WMCC, as well as the
mechanisms are presented in Section 3.1 and 3.2; the connectivity between the EMCC and WMCC is analyzed
and discussed in Section 3.3; finally, a summary about this study is provided in Section 4.

2. Methodology and Model Validation
2.1. Configuration and Validation of the Circulation Model
The NorthEast Shelf Seas (NESS) model (D. Li et al., 2021; Z. Wang et al., 2022) is based on the Semi-implicit
Cross-scale Hydroscience Integrated System Model (SCHISM; Y. J. Zhang et al., 2016; Z. Zhang & Baptista, 2008).
It covers the shelf seas from Long Island Sound to the Gulf of St. Lawrence with horizontal resolution ranging
from 200 m in the nearshore GoME to 6 km at the open ocean boundary (Figure 1b). The model has 70 vertical
layers in the deepest part of the domain and gradually reduces to a single layer in areas where the water depth is
less than 1 m by using the Localized Sigma Coordinate with shaved bottom cells (Y. J. Zhang et al., 2015). Other
configurations, such as the initial conditions, atmospheric forcing, and boundary conditions, can be found in Text
S1 in Supporting Information S1, D. Li et al. (2021), and Z. Wang et al. (2022).
We ran the simulation from 1 January 2014, through 31 December 2017. The model was configured to ramp up
in a day and output hourly temperature, salinity, elevation, velocity, and viscosity at each model grid point. To
diagnose the unusual flow pattern in the fall and early winter of some years as well as the related mechanisms,
different forces in the momentum equations were also output for November and December of 2014 and 2017. The
forces include the Coriolis force, baroclinic pressure gradient (PG) force, barotropic PG force, atmospheric PG
force, earth tidal potential gradient force, and horizontal and vertical viscous force. They are listed sequentially
on the right-hand side of the equation below.
𝜂𝜂
𝑔𝑔
∇𝑃𝑃𝐴𝐴
𝐷𝐷𝐮𝐮
∇𝜌𝜌𝜌𝜌𝜌𝜌 − 𝑔𝑔∇𝜂𝜂 −
= 𝑓𝑓 (𝑣𝑣𝑣 −𝑢𝑢) −
+ 𝛼𝛼𝛼𝛼∇Ψ + 𝐅𝐅𝐦𝐦 + 𝐦𝐦𝐳𝐳
(1)
𝑑𝑑𝑑𝑑
𝜌𝜌0 ∫𝑧𝑧
𝜌𝜌0

where 𝐷𝐷𝐮𝐮
is the material derivative of the horizontal velocity (u); f, η, g, ρ, ρ0, PA, 𝐴𝐴
α, and Ψ are the Coriolis param𝐴𝐴
𝑑𝑑𝑑𝑑
eter, free-surface elevation, acceleration due to gravity, water density, reference water density, atmospheric pressure, vegetation parameter, and earth tidal potential, respectively. Explanations of these parameters and governing
equations can be found in the SCHISM manual (http://ccrm.vims.edu/schismweb/schism_manual.html).
This circulation model was extensively evaluated by D. Li et al. (2021) and Z. Wang et al. (2022), using sea
surface height (SSH) from tidal gauges, temperature, salinity, and velocity time series from in situ buoy measurements, composite temperature and salinity (T–S) characteristics from 743 CTD stations in the eastern GoME,
77 ADCP transects in the nearshore GoME, and 1 transect across the EMCC from 2014 to 2017. In this study,
we further validated the flows in the western GoME. Comparisons between the modeled and observed monthly
LI ET AL.
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mean velocities are shown in Figure 2. The observational data are from the
NERACOOS buoy B01 (Northeastern Regional Association of Coastal
Ocean Observing System, http://neracoos.org/), while the modeled data are
from the nearest model nodes. The velocities were projected to the alongshore and cross-shore directions, that is, clockwise 35° and 125° from the
true north. The comparison was quantitatively assessed using the Willmott
Skill (Willmott, 1981):
(
)
(
)2
1 ∑𝑁

𝑆𝑘𝑖𝑙𝑙 = 1 −
(𝑚𝑖 − 𝑜𝑖 )2 ∕ |𝑚 − 𝑜| + |𝑜 − 𝑜|
(2)
𝑖=1
𝑁
where m is the model output, o the observed data, and N the number of observations. A score of 1 indicates perfect agreement between observations and
model, and 0 means complete disagreement.
The model successfully reproduced the vertically consistent seasonal variations of the monthly mean alongshore velocities, though the modeled magnitudes were somewhat smaller below 2 m (Figures 2a–2g). The southwestward
alongshore flows were stronger in spring and summer. Specifically, the
observed (modeled) velocities generally peaked in May (summer), with
magnitudes of 0.1–0.15 (0.05–0.1) m/s at 10 m. In winter, the alongshore
flows almost decreased to 0. The observed data indicated a weak northeastward current above 42 m in November–December of 2015, while the model
showed a similar feature in November–December of 2015 and 2016, and
October–December of 2017.
Cross-shore velocities were much weaker than alongshore ones. Very few,
both for the observed and modeled, exceeded 0.05 m/s (Figures 2h–2n).
The modeled cross-shore flows reproduced the observed annual cycle at
2 m with stronger seaward motions from spring through summer. Both the
observed and modeled velocities changed significantly from 2 to 10 m, but
the vertical shears were much smaller from 10 to 50 m. Mismatches between
Figure 2. Comparisons of modeled (blue) and observed (red) monthly mean
modeled and observed velocities were most pronounced at 10 and 18 m with
alongshore (a–g) and cross-shore (h–n) velocities at buoy B01. Positive values
represent northeastward alongshore (a–g) and southeastward cross-shore (h–n)
the observed cross-shore flows being notably stronger in spring and almost
flows, respectively.
year-round seaward. Modeled velocities, however, were slightly seaward
in spring and summer, but shoreward in late fall and winter. Note that the
observed cross-shore velocity from 18 to 50 m could change to seaward occasionally in fall and winter. Overall, the model skills for the alongshore flows generally declined with depth, while
those for the cross-shore flows were smaller at 10 and 18 m. The mean skill for the alongshore (cross-shore) flows
was 0.62 (0.56). Additionally, the modeled instantaneous velocities and T–S composites matched well with the
shipboard ADCP data from six cross-shore transects and CTD data from 1,222 stations in the western GoME
(Figures S1 and S2 in Supporting Information S1).
2.2. Configuration and Validation of the Particle Tracking Model
The offline Lagrangian particle tracking was conducted using the Finite Volume Coastal Ocean Model (FVCOM)
I-State Configuration Model (FISCM) codes written originally to complement FVCOM model (https://github.
com/GeoffCowles/fiscm; Decelles et al., 2015; Liu et al., 2015). Outputs from the NESS model were translated
to FVCOM output format, which then drove FISCM to carry out the simulations. FISCM uses a 3-D, fourth-order
Runge–Kutta advection scheme, with√horizontal random walk to approximate subgrid processes. Specifically,
random displacements are added
𝐴𝐴 as 𝐴𝐴 2 × 𝑑𝑑𝑑𝑑 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 , where n is a normal random number, dt is the advection
time step, and Coef is the diffusion coefficient. In this study, dt and Coef are 3,600 s and 50 m 2/s, respectively.
Ji et al. (2012) and Ounsley et al. (2019) verified the offline FISCM simulations against results from the online
FVCOM particle tracking module. Here, we provide comparisons of trajectories of satellite-tracked drifters (http://comet.nefsc.noaa.gov/erddap/tabledap/drifters.html) and offline FISCM modeled tracks of passive
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Figure 3. Comparisons between tracks of standard surface drifter (dark colors in blue, brown, green, and purple curves) and spatially averaged tracks of 40 passive
particles (light colors in blue, brown, green, and purple curves) fixed at the surface and 15 m in 2014–2017 (a–d), and time series of the separation distances (colorful
curves) between 43 drifters and corresponding particles in 100 days (e). The black triangles in (a–d) mark the initial locations. The black curve and gray shading in (e)
represent the mean distance and corresponding one standard deviation.

particles released at the same times and locations (Figure 3). These standard surface drifters consist of a surface
float, tether, and drogue centered on the depth of 15 m. Therefore, the modeled trajectories were defined as the
mean tracks of 40 particles fixed at the surface and 15 m, respectively. From Figures 3a–3d, FISCM reproduced
reasonably the general patterns of drifter tracks in the coastal western GoME. The southwestward alongshore
transport in 2014 and the northeastward alongshore transport in late fall and winter of 2015 and 2017 were
especially successfully captured. The separation distances between drifter and particle increased evidently in the
interior GoME. For example, west of Georges Bank, some particles were transported in separate directions to the
LI ET AL.
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drifters (green curves in Figure 3b and blue curves in Figure 3d). Similar to the studies by Edwards et al. (2006),
Lynch et al. (2001), and Werner (1999), Figure 3e shows the mean separation distance between observed and
modeled trajectories increased linearly with a slope of ∼3.2 km/day and reached about 100 km after 1 month
since release, while the mean distance traveled was 11.7 (17.6) km/day for the simulated particles (drifters).
Overall, the performance of the FISCM model was relatively reliable in the coastal GoME; while in the offshore
regions, the evident differences may result from the accumulative effects of mismatches in velocity, inaccurate
estimates of small-scale flow fields, 1-hr time step, inaccurate wind stresses, drifter slippages by drags on the
surface float, tether, and drogue (Edwards et al., 2006; Geyer, 1989).
2.3. Definition and Quantification of Connectivity Between the EMCC and WMCC
Connectivity between the EMCC and WMCC is difficult to accurately define and quantify. In this study, we
defined connectivity as the portions of the EMCC flux that were transported to the western GoME and computed
two metrics to quantify this connectivity.
1. T
 he ratio of the synchronous downstream (southwestward) flux through transect 10 (see Figure 1a) versus its
counterpart through transect 1 (for short, downstream connectivity).
2. The percentage of particles transported from the easternmost transect 1 to the western GoME (bounded by
transect 10, 16, and 17) at a given cutoff time (for short, ptrack connectivity). Timing of the ptrack connectivity was registered as the particle release time.

𝐴𝐴

Specifically, the downstream flux is obtained by the integral of downstream velocities over the transects, namely,
∬ 𝑣𝑣(𝑦𝑦𝑦 𝑦𝑦)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, where v, y, and z are the velocity normal to the transects, along-transect, and vertical coordinates, respectively. For the ptrack connectivity, five particles were released at every meter depth interval of
1,000 uniformly distributed nodes along transect 1. In total, 161,475 particles were tracked in the flow fields
for 120 days after the start of each month. Because of the variations of the EMCC between years and months,
a constant cutoff time will not always capture the time durations when most EMCC flows through transect 10.
The general pattern of cumulative proportions transported to the western GoME in 120 days consists of three
segments, namely a rapid increase, a stagnation, and a second increase (Figure 4). The mean release depths of
the particles contributing to the two increase periods are ∼0–30 and ∼30–80 m, respectively. This indicates that
the first rapid increase results from transport of the strong EMCC in the upper water column, while the second
increase from the deeper weak flows (Du et al., 2021; D. Li et al., 2021; Xue et al., 2000). Therefore, the cutoff
time is determined by the minimum daily increase between the two increase periods. Sometimes in winter, the
cumulative proportions gradually increase without identifiable halt (Figure 4l), due to the weaker EMCC (D. Li
et al., 2021). The cutoff time is determined by the minimum daily increase after the increase period. The specific
monthly cutoff time is summarized for 2014–2017 in Table 1, and the 4-year mean is 72.8 days. Moreover,
particles released at the midmonth show similar transport variability of transport, though the magnitudes differ
slightly by ∼0%–10% (not shown).
The Partial Least Squares (PLS) regression is suitable to analyze responses to multiple predictors, particularly
when there is multicollinearity among predictors, and the corresponding significance of predictors is given by the
respective magnitude of absolute regression coefficients (Ivanova et al., 2021; Palermo et al., 2009). We therefore
use MATLAB function plsregress to determine the importance of factors that affect connectivity, such as variations of the EMCC and WMCC, wind, and river runoff.

3. Results and Discussions
3.1. Features of the WMCC
To illustrate the variations of the WMCC, as with Figure 2, the flows in the western GoME were projected
onto alongshore and cross-shore directions. Moreover, following the methods previously employed in D. Li
et al. (2021), six cross-shore (#10, 12–16) and an alongshore (#17) transects were utilized (Figure 5). Note that
south of Cape Ann, due to the inclination of the coast, the projected alongshore (cross-shore) flows in fact are
toward (along) the coast in the area (Figures 5a and 5b). From Figures 5a and 5b, at 10 m, an evident coastal
current (i.e., the WMCC) meanders from south of Penobscot Bay to Cape Cod. The mean alongshore components of the WMCC range from −0.1 to −0.05 m/s at 10 m, while the cross-shore components vary from −0.03
LI ET AL.
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Figure 4. Cumulative proportions of particles transported to the western Gulf of Maine (GoME; black curve) and mean released depths of the corresponding daily
proportions (blue curve). Note that particles are released at the start of each month of 2016, and the black triangles mark the corresponding cutoff time for the
connectivity.

to 0.05 m/s. To quantify the stability of the WMCC, we conducted the Empirical Orthogonal Function (EOF)
analyses of the alongshore and cross-shore components at 10 m. The first (second) EOF modes of the alongshore
(cross-shore) flows are shown in Figures 5c and 5e (5d and 5f). The first modes of the alongshore (cross-shore)
flows closely match the 4-year means, contributing 74.3% (71.3%) to the total variance, respectively. The second
and third modes contribute 15.4% and 4.6% (13.3% and 6.5%) to the total variance, respectively. Therefore,
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Table 1
Cutoff Time (in Days) Used to Determine the Ptrack Connectivity Between the EMCC and WMCC
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

2014

61

80

82

75

80

75

71

71

70

90

84

64

2015

60

60

89

70

69

75

69

70

80

94

63

65

2016

58

78

78

80

78

75

71

71

78

75

63

78

2017

60

70

80

61

70

71

78

60

80

71

62

81

Mean

59.8

72

82.3

71.5

74.3

74

72.3

68

77

82.5

68

72

the dominant first modes represent the general pattern of the WMCC, and the second indicate the significant
variations.
The results show clearly that the WMCC has two cores at transect 10 and 12 (white curves in Figure 5a). As
the extension of the EMCC, the offshore core flows southwestward to Cape Cod, while the nearshore core is
enhanced by the river plumes and bifurcates when it reaches Jeffreys Ledge (transect 13–14, see Figure 1). The
two weaker branches flow along either side of Jeffreys Ledge and merge again offshore of Cape Ann. East of
Stellwagen Bank, the merged current turns southwestward, and then combine with the offshore core when it
approaches Cape Cod. The time coefficients are consistent for the same mode of alongshore and cross-shore
flows. Despite apparent year-to-year differences, the time coefficients of the first modes are positive year-round,
meaning that the general pattern of the WMCC is always southwestward. The first modes mainly relate to the
EMCC feeding, which is controlled by the strength and offshore veering of the EMCC (see Section 3.3). The
second modes are likely associated with river runoff and wind. Specifically, the peak of the river runoff in
late spring correspondingly enhances the southwestward alongshore flows, whereas the strong northeastward
alongshore wind weakens the southwestward alongshore flows next to the coast. This is supported by the time
coefficients of the second modes that show evidently seasonal pattern, generally positive in spring and summer
and negative during the fall and winter. At times, the resultant northeastward velocities even surpass the southwestward ones of the first mode, and thus form a coastal counter current in fall and winter (hereinafter referred to
as the counter-WMCC), which is discussed below.
3.2. Counter-WMCC in Late Fall and Early Winter
This counter-WMCC has not received much attention before. D. A. Brooks (1985), Janzen et al. (2005), and
Townsend (1991) observed anticyclonic eddies offshore between Casco Bay and Penobscot Bay, and Geyer
et al. (2004) showed that northward wind stress frequently reversed the surface current in the western GoME.
In Figures 2 and 3, in situ velocities at buoy B01 and drifter tracks in the western GoME were indicative of the
southwestward coastal currents (i.e., the normal WMCC) in October–December of 2014, but northeastward flows
(i.e., the counter-WMCC) in November–December of 2015 and October–December of 2017. Moreover, both
the satellite monthly composites and modeled monthly mean SST showed the offshore turning of cold waters
between transect 10 and 12 (Figure S3 in Supporting Information S1) in December 2017. Therefore, the drifter
tracks and satellite SST support the model results and the likelihood of a counter-WMCC in the western GoME.
Figure 6 shows that the counter-WMCC generally starts north of Cape Ann, flows northeastward, and then
converges with the extension of the EMCC and finally turns offshore southeast of Kennebec estuary. The
counter-WMCC can reach the depth of 100 m, and a width of 27 km from the coast, characterized by low temperature and salinity (Figures 6 and 7). Its temperature (salinity) can be even smaller by ∼3°C in December 2015
(∼1 in December 2017; Figures 6b and 7d). In December 2017, the colder and fresher waters almost occupied the
upper 100 m water column inshore of Jeffreys Ledge, and the upper 50 m between Jeffreys Ledge and transect
17. The low-temperature feature results from strong vertical mixing and surface heat loss since late fall, while
the low-salinity is primarily from the remnants of intruded SSW in spring and summer (see Figure 12 in D. Li
et al., 2021) and fractionally from the secondary peak of river runoff in fall (Figure 11d). In 2017, the more
persistent and larger SSW inflows even deepened the 32 isohalines by 10–20 m in summer and fall (not shown).
Inflows of SW to Jordan Basin generally peak in early fall (Deese-Riordan, 2009; Townsend et al., 2015) and
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Figure 5. Horizontal distributions of 4-year (2014–2017) averaged (a, b), Empirical Orthogonal Function (EOF) first (c, d) and second modes (e, f) of the alongshore
(Valong) and cross-shore (Vcross) velocity at 10 m, as well as the corresponding time coefficients (g). The blue quivers in (a) indicate the alongshore and cross-shore
projection directions. The magenta arrows in (a) and (b) represent the actual flows without projection. The white curves in (a) highlight the general paths of the Western
Maine Coastal Current (WMCC). The gray curves highlight the 50, 100, and 200 m isobaths.
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Figure 6. Distributions of monthly mean 10-m flow fields with temperature in December 2014–2017 (a–d). The white
curves are 50, 100, and 200 m isobaths.

then further spread southwestward into Wilkinson Basin after 2–3 months (Johnson et al., 2006). Interannual
differences of SW in Wilkinson Basin correspond with the variations of inflows from the Northeast Channel
that were much less in 2017 (Figure 7, Figure 12 in D. Li et al., 2021). In addition, in December 2014, weak
northeastward flows existed beneath the WMCC (Figure 7a). This feature was an occasional event and not related
to the counter-WMCC (not shown), hence was not analyzed in this paper.
From Figure 8, sea level is always elevated around the coast in December and even forms a dome offshore of
Casco Bay when the counter-WMCC occurs in December 2015–2017. The dome is roughly bounded by the
100 m isobath, Platts Bank, transect 10 and 14, and rises ∼0.05 m compared to the interior Gulf. In December 2015, it even extended northeastward to offshore of Penobscot Bay (transect 9). The seaward wind stress
is more to the south (east) in December 2014 (2015–2017). As shown in Figure 9, both in the WMCC and
counter-WMCC, the vertical eddy viscous force, PG force, and Coriolis force form the primary balance, despite
the differences in temperature, salinity, and SSH. But the WMCC was associated with seaward PG, while the
counter-WMCC with shoreward PG in the nearshore regions was due to the existence of the coastal SSH dome.
Moreover, the monthly averaged eddy viscous force was comparable to the PG force near the surface, but nearly
negligible below 30 m (not shown).
Figure 10 shows that the southwestward alongshore flows are stronger in late spring and summer but then gradually weaken and even reverse in fall and winter. The alongshore flows (black line in Figure 10a) are strongly
correlated with the cross-shore PG (the blue line in Figure 10a) with r = −0.92, p < 0.001, and the cross-shore PG
correlates to the sea slope (the green line in Figure 10b) with a coefficient of −0.93, p < 0.001, implying that the
alongshore flows are basically driven by the barotropic PG, agreeing with the conclusion of Geyer et al. (2004).
The barotropic PG may be set up by the river runoff, deep SW in Wilkinson Basin, and wind-driven Ekman transport. The Penobscot and K–A Rivers can discharge a large volume of freshwater to the Gulf in late spring, which
evidently decreases the salinity, lifts the sea level, and increases the southwestward alongshore flows (Geyer
LI ET AL.
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Figure 7. Salinity distribution along the extended transect 14 (14E, in Figure 1a) in December 2014–2017 (a–d). The thin
white dashed lines indicate the location of transect 17. The solid white curves mark the 0 contours of cross-transect velocity
𝐴𝐴 and 𝐴 the region with northeastward velocities. JL and WB mark the Jeffreys Ledge and Wilkinson Basin, respectively.

et al., 2004). The correlation coefficients (1 month lag) between the sea slope and Penobscot and K–A River
runoff are −0.43 (p = 0.003) and −0.5 (p < 0.001), respectively. D. Li et al. (2021) showed that the inflows of SW
into the Jordan Basin result in large horizontal density gradients at depth, and the corresponding baroclinic PG is
compensated by the barotropic PG, that is, the elevated sea level along the coast of the eastern GoME. Similarly,
SW in Wilkinson Basin can induce elevated sea level in the surroundings region too (Figures 7 and 8). As a result,
the seaward barotropic PG is balanced by the shoreward Coriolis force, thus forming the southwestward WMCC.
Unlike in the eastern GoME, the influences of wind and river runoff are more significant in the western GoME.
The correlation coefficients between time coefficients of the EOF second mode of alongshore flows, and the
alongshore wind stress and Penobscot and K–A River runoff (1 month lag, Geyer et al., 2004) are −0.23 (p = 0.1),
0.28 (p = 0.05), and 0.37 (p = 0.01) (Figures 5g, 10b, and 11d), respectively. Figure 10b shows that the alongshore
wind stress is generally northeastward in spring and summer, with the peak of ∼0.015–0.02 N/m 2, but basically
blows southwestward (northeastward) in late fall and early winter of 2014 (2015–2017), with the magnitude of
−0.01 to 0 (0.01–0.04) N/m 2. The significant wind stress inevitably alters the sea level near the coast, by Ekman
transport. The correlation coefficient between alongshore wind stress and sea slope is 0.32 (p = 0.03). In late fall
and early winter of 2014, together with more SW, the southwestward wind drove an onshore Ekman transport to
further lift the sea level next to the coast. The seaward PG (i.e., negative sea slope) and the seaward eddy viscosity
were balanced by the shoreward Coriolis force, thus forming the broad WMCC. In contrast, in late fall and early
winter of 2015–2017, the northeastward wind drove an offshore Ekman transport to converge with the raised sea
level as required to compensate the large baroclinic PG at depth in Wilkinson Basin, resulting in the SSH dome.
Inshore of the dome, the shoreward PG (i.e., positive sea slope) was balanced by the seaward eddy viscosity
and seaward Coriolis force, thus forming the narrow counter-WMCC (Figures 8 and 9). However, in spring and
summer, although the wind stress is always northeastward, larger river runoff and feeding from the stronger
EMCC can compensate the offshore Ekman transport (Figures 10b and 11d). Therefore, the coastal flows are still
LI ET AL.
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Figure 8. Distributions of monthly mean sea surface height (SSH) and wind stress in December 2014–2017 (a–d). The blue
quivers in (a) indicate the alongshore and cross-shore directions. The white curves are 50, 100, and 200 m isobaths.

southwestward. The monthly averaged wind stress is relatively uniform over the whole GoME (Figure 12b in D.
Li et al., 2021). However, the large alongshore transport by the EMCC can overcome the wind-driven offshore
transport, sustain the higher nearshore sea level year-round in the eastern GoME (not shown), and impede the
northeastward extension of the dome (i.e., the counter flows) from reaching past Penobscot Bay (Figures 6b
and 8b). Overall, unlike the mainly water-mass-driven EMCC (D. Li et al., 2021), the WMCC is largely modulated by wind. Northeastward alongshore wind stress can episodically reverse the coastal currents in late fall and
early winter. Additionally, nonlinear advection plays minor roles from place to place (Figure 9).
3.3. Connectivity Between the EMCC and WMCC
From Figure 11a, the two metrics of connectivity presented in Section 2.3 provide a similar seasonal pattern of
connectivity between the EMCC and WMCC, though the magnitude varies. Moreover, ratio of net flux through
transect 10 over its counterpart through transect 1 shows the similar pattern too (not shown). Because ratios
of downstream fluxes are occasionally larger than 100% due to the larger flux through transect 10, the ptrack
connectivity is utilized and analyzed hereinafter. In general, connectivity has a bimodal shape, with the largest
peak (∼40%–70%) in winter and a secondary one (∼20%–50%) in late spring or early summer. However, connectivity also experiences irregular year-to-year variations. For example, the bimodal shape was not very evident in
2016 and the secondary peak occurred earlier in 2017.
D. Li et al. (2021) quantified the seasonal variations of the EMCC. At transect 1, the offshore core of the EMCC
can reach ∼0.35 m/s in summer and early autumn, while the nearshore core reduces to ∼0.15 m/s in later winter
and early spring (Figure 11b). The offshore veering of the EMCC occurs further to the northeast in late winter
and again in summer and can reach as far as southwest of transect 1; while in other seasons it generally swings
southwestward and can reach south of Penobscot Bay (Figure 11c). The seasonal variations of ptrack connectivity are largely affected by the strength (i.e., the maximum velocity) and the offshore veering of the EMCC,
LI ET AL.
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Figure 9. Velocity (black arrows) and momentum balances at the depth of 2 m (a, b) and 10 m (c, d) in December 2014 (a,
c) and 2017 (b, d). Cor, PG, Vis_v, Vis_h, and Adv represent the Coriolis force (red arrow), pressure gradient force (blue
arrow), vertical viscosity term (green arrow), horizontal viscosity term (magenta arrow), and nonlinear advection term (cyan
arrow), respectively. The black pentagram in (d) marks the location used in Figure 10. The thin gray curves are 50, 100, and
200 m isobaths.

as indicated by correlations with the velocity of the offshore core (r = 0.44,
p = 0.002) and with latitude of the offshore veering (r = −0.31, p = 0.03).
Specifically, in early spring, the weakest EMCC, together with the first resetting of offshore veering to its most northeastern position, results in the lowest
connectivity. In summer and early autumn, the strongest EMCC, to a certain
degree offset by the second resetting, forms a secondary peak of the connectivity. As the offshore veering shifts to the southwest since late autumn (D. Li
et al., 2021; Pettigrew et al., 2005), the connectivity increases to the largest
peak though the EMCC declines.

Figure 10. Time series of alongshore velocity, cross-shore pressure gradient
(PG) at 10 m (a), cross-shore sea slope and alongshore wind stress at the
intersection of the 100 m isobath and transect 13 (see location in Figure 9d)
(b). Note that the sea slope and wind are projected as with the flows.

LI ET AL.

Connectivity largely affects the general pattern of the WMCC, as indicated
by the correlation coefficients between the time coefficients of EOF first
mode of alongshore (cross-shore) flows and the downstream connectivity
0.52, p < 0.001 (0.51, p < 0.001) and ptrack connectivity 0.45, p = 0.001
(0.34, p = 0.02; Figure 5g). Nevertheless, variations of the WMCC driven
by river runoff and wind may in turn affect the connectivity. We constructed
the PLS regression fit of the ptrack connectivity, using the standardized
time series of the velocity of the offshore and nearshore core of the EMCC,
offshore-veering latitude of the EMCC, Penobscot and K–A River runoff,
alongshore and cross-shore wind stress, and 10-m alongshore velocity (i.e.,
the WMCC/counter-WMCC) at the intersection of 100 m isobath and transect
13. This regression fit explains about 45.1% of the total variance, possibly a
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result of the short time series. As indicated by the PLS regression coefficients
in Table 2, variations of the EMCC and river runoff in the western GoME are
the most important factors that modulate the connectivity between the EMCC
and WMCC. From Figure 11d, generally the river discharge varies seasonally
and rhythmically, with primary peaks in April. The ptrack connectivity is
negatively correlated with the Penobscot River runoff (r = −0.27, p = 0.07)
and K–A River runoff (r = −0.3, p = 0.04), suggesting that the spreading of
the river plumes, to a certain degree blocks the alongshore extension of the
EMCC reducing connectivity.
Given that the mean cutoff time is 72.8 days, the wind-induced counter-WMCC
mainly decreases the ptrack connectivity in October and November
2015–2017. Without the counter-WMCC, the largest connectivity occurs in
October and November 2014. Therefore, the WMCC/counter-WMCC results
in the evident year-to-year variations of connectivity in October and November
(Figure 11a). With the WMCC close to the coast (Figure 12), most particles
released along transect 1 were transported to the western GoME, especially
Figure 11. Time series of the downstream and ptrack connectivity (a), the
from Penobscot Bay to Casco Bay and then gradually spread offshore to
maximum speed of the nearshore and offshore core of the Eastern Maine
Wilkinson Basin, except a few carried by the offshore veering of the EMCC
Coastal Current (EMCC) (b), the offshore-veering latitude of the EMCC (c),
and St. John, Penobscot, and Kennebec–Androscoggin (K–A) River fluxes (d).
to Jordan Basin (Figure 12a). With the counter-WMCC, most particles were
transported to the interior gulf via either the offshore veering of the EMCC
or the convergence of the counter-WMCC and the EMCC extension, and very
few could reach inshore of the 100 m isobath in the western GoME. Overall, connectivity is mainly controlled by
variations of the EMCC and river runoff in the western GoME. The wind-induced counter-WMCC, to a certain
degree, can decrease the magnitude of the connectivity and lead to year-to-year variations.

4. Summary
In this study, simulations from the high-resolution NESS model for the period 2014–2017 were quantitatively
validated via temporal comparisons with monthly averaged velocity at buoy B01 and the spatial comparisons
with the instantaneous velocity from shipboard ADCP measurements in the western GoME. Additionally, the
tracks of drifters and satellite SST were also used to evaluate the circulation model and particle tracking model
(FISCM). Overall, the performances of the NESS and FISCM models were satisfactory in the western GoME.
The model showed that the WMCC is a weak, broad, and sinuous current with the largest velocity of 0.1–0.15 m/s.
From Penobscot Bay to Casco Bay, the WMCC generally has an offshore and a nearshore core, fed by the extension of the EMCC and Penobscot and K–A River runoff, respectively. When the nearshore core reaches Jeffreys
Ledge, it bifurcates into two weaker branches flowing on either side of Jeffreys Ledge, with the largest velocity
of 0.05–0.1 m/s. The two weaker branches merge again offshore of Cape Ann. The merged current then flows
along Stellwagen Bank and combines with the offshore core when it approaches Cape Cod. The general pattern of
the WMCC is closely linked to the connectivity with the EMCC, which is mainly controlled by the strength and
offshore veering of the EMCC. Occasionally in late fall and early winter, the WMCC flows northeastward inshore
of Jeffreys Ledge (counter-WMCC) and then converges with the EMCC extension and finally turns offshore.
Analysis of momentum balance demonstrates that both the WMCC and counter-WMCC in late fall and early
winter are mainly driven by elevated sea level and wind. The SW in Wilkinson Basin induces elevated sea level
in the western coastal GoME. The onshore transport due to the southwestward wind further raises the nearshore
sea level, while the offshore transport driven by the northeastward wind reduces sea level next to the coast and
forms a sea-level dome offshore of Casco Bay. Overall, the near balance among the seaward PG, seaward wind
Table 2
PLS Regression Coefficients for the Ptrack Connectivity in Association With Eight Potential Driving Factors

Regression coefficient

LI ET AL.

Offshore core
velocity

Nearshore core
velocity

Offshore-veering
latitude

Penobscot
River runoff

K–A River
runoff

Alongshore
wind stress

Cross-shore
wind stress

10-m alongshore
velocity

0.83

−0.49

−0.32

0.4

−0.2

−0.14

−0.003

0.03
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Figure 12. Distributions of 161,475 particles released along transect 1 at the beginning of October 2014–2017 (a–d). The
colors represent the # of particles in every 0.02° × 0.02° grid at the cutoff time. The thin gray curves are 50, 100, and 200 m
isobaths.

stress, and shoreward Coriolis force results in the broad WMCC, while inshore of the dome, the shoreward PG is
balanced by the seaward wind stress and seaward Coriolis force, forming the narrow counter-WMCC.
Both the circulation and particle tracking models showed that the connectivity between the EMCC and WMCC
generally has a bimodal annual pattern, with the largest peak occurring in winter and a secondary peak in late
spring or early summer. The former results from the offshore veering of the EMCC to the farthest southwest,
while the latter from the concurrence of the strongest EMCC and northeastward shift of the offshore veering.
Moreover, the counter-WMCC can reduce the connectivity and result in evident year-to-year variations, by the
convergence with the EMCC extension.
Overall, our circulation model accurately reproduced the complex hydrodynamics in the coastal GoME, especially the rarely studied counter-WMCC. Coupled with the particle tracking model, we quantified connectivity
between the EMCC and WMCC, which can help explore planktonic larval transport, algal blooms, and pollutant
dispersal to optimize fishery management, marine habitat conservation, etc.

Data Availability Statement
The model data used in the present study are available online at http://dataverse.acg.maine.edu/dvn/faces/study/
StudyPage.xhtml?globalId=hdl:TEST/10301.
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